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RaftThe discovery that the lipids constituting the plasmamembrane are not randomly distributed, but instead are
able to form laterally segregated lipid domains with different properties has given hints how the formation of
such lipid domains inﬂuences and regulates many processes occurring at the plasma membrane. While in
model systems these lipid domains can be easily accessed and their properties studied, it is still challenging to
determine the properties of cholesterol rich lipid domains, the so called “Rafts”, in the plasma membrane of
living cells due to their small size and transient nature. One promising technique to address such issues is
ﬂuorescence lifetime imaging (FLIM) microscopy, as spatially resolved images make the visualization of the
lateral lipid distribution possible, while at the same time the ﬂuorescence lifetime of a membrane probe yields
information about the bilayer structure and organization of the lipids in lipid domains and various properties
like preferential protein–protein interactions or the enrichment ofmembrane probes. This review aims to give
an overview of the techniques underlying FLIM probes which can be applied to investigate the formation of
lipid domains and their respective properties in model membrane and biological systems. Also a short
technical introduction into the techniques of a FLIM microscope is given.: +49 30 2093 8585.
töckl).
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The scope of this review is to give an introduction into current
applications of ﬂuorescence lifetime imaging in the investigation of
the formation of lipid domains in model systems and living
mammalian cells. Suitable lipid model systems and the basic
techniques applied to record time resolved ﬂuorescence, as well as
their advantages and drawbacks, are introduced brieﬂy. The review
mainly focuses on the different classes of membrane probes which are
sensitive to their environment and therefore provide ﬂuorescence
lifetime contrast between different lipid domains. Furthermore the
application of FRET to detect enhanced interactions between
ﬂuorescent lipid-like molecules due to their enrichment to the same
type of lipid domains is presented.1.1. The plasma membrane
Some of the most vital structures of cells are the phospholipid
membranes which form the boundaries between different compart-
ments and shield the cell from the exterior environment. However, it
has become evident that the barrier function of the plasmamembrane
is only one of many. Apart from keeping the cell interior of the cell
separated from the environment the plasma membrane also provides
a specialized compartment within the cell where particular processes
like metabolism (e.g. uptake of nutrients) and cell signaling take
place. The mere restriction of the diffusion of membrane associated
enzymes and signaling molecules to the two dimensional plane of the
plasmamembrane increases the local concentration of the interaction
partners and facilitates—or initially makes possible—the tight and
effective regulation of the involved processes. Apart from only
providing a passive scaffold for receptors and other proteins the
membrane lipids may also play an active role, e.g. contributing to
signal transduction. For example, diacylglycerol formed after cleavage
of the lipid headgroup of PIP2 by phospholipase C is a prominent
second messenger [1]. Another very well studied feature is the loss of
membrane asymmetry characterized by the appearance of phospha-
tidylserine at the extracellular leaﬂet of the mammalian plasma
membrane as a signal of apoptosis. Not only single lipid species are
involved in signaling, moreover the physical properties of the
membrane like bilayer thickness or lateral pressure may also affect
and therefore regulate the function of membrane proteins (for a
review see [2]).
Additionally, new studies reveal that a complex regulation network
controls signaling and trafﬁc at the plasma membrane [3–9]. Presum-
ably these interactions are also mediated by the presence of lipid
heterogeneities in the plasmamembrane [10–12]. The so called “Rafts”,
which are supposed to be enriched in phospholipids and (glyco)
sphingolipids with long saturated fatty acids, are segregated from non-
raft domains which are mainly formed by phospholipids with
unsaturated acyl chains. Despite their ﬁrst description dating from
over three decades ago their exact nature is still elusive [13–15]. As in
“resting” cells thesedomains seemtobevery small and their detection is
oftendifﬁcult, themechanisms regulating the formation and size of rafts
are still discussed (for reviews see [16] and [17]). In contrast to that,
segregated lipid domains large enough to be seen in an optical
microscope can be found in certain cell types like activated platelets
or T-cells [18–23].
Hence, to understand the role of lipid domains in protein–protein
interactions it is challenging to unravel the mechanisms underlying
the lateral sorting and organization of integral and peripheral
membrane proteins. As native plasma membranes are a very complex
system and lipid domain separation often is very hard to detect in
living cells, model membrane systems offer a simple and versatile tool
to study lipid–lipid and protein–lipid interactions as well as the
properties of lipid domains.1.2. Model membrane systems
In order to study phospholipid membrane properties and in
particular lipid–lipid and protein–lipid interactions several model
systems have been developed which all have speciﬁc advantages and
drawbacks. In general these systems can be grouped into two
different classes, depending on the topology of the membrane. In
the ﬁrst type of systems the membrane forms planar structures, while
in the second type it gives rise to vesicular structures. An overview
over different model systems can be found in Chan and Boxer [24].
1.2.1. Planar model systems
The simplest planar system originates from phospholipids on the
air–water interface which form a single monolayer. Lipid domain
formation can be studied by various ﬂuorescence microscopy techni-
ques. In particular ﬂuorescence correlation spectroscopy (FCS) can be
used tomeasure particle diffusion [25]. The incorporation of substances
from the aqueous buffer into the lipidmonolayer can be followed by the
change of the surface tension using a Wilhelmy plate [26]. Combining
two monolayers gives rise to a bilayer which can exist freestanding
covering an oriﬁce, and that makes this system perfectly suited to
measure membrane conductivity, channel- or pore-formation [26–29].
Using asymmetric bilayers also the interleaﬂet coupling can be studied
[30]. It is also possible to deposit these symmetric or asymmetric
bilayers on solid matrices. In order to maintain the ﬂuidity in both
leaﬂets of the deposited bilayer, the bottom layer can be anchored to the
surface using certain lipids which are connected to a polymer cushion
[31,32]. If only a single bilayer is formed, domain formation can be
studied by ﬂuorescence microscopy or atomic force microscopy (AFM)
[33]. In addition, the binding of proteins to such membranes can be
assessed by the surface plasmon resonance (SPR) assay [34–36]. It is
even possible to study structural changes of membrane proteins or of
the lipid phase by using attenuated ﬁeld Fourier transform IR–
spectroscopy (ATF-FTIR) [37–40].
1.2.2. Vesicular model systems
In contrast to the planar membrane arrangements, vesicular
structures with a huge variance in size are common in biological
systems. Typical diameters span from several nanometers in synaptic
vesicles over the micrometer regime of mammalian cells to huge
amoebae which can reach diameters of several hundred micrometers.
It should be noted that also in these large cells there may exist regions
with high membrane curvature (e.g. ﬁlopodiae and invaginations of
mitochondria) which show membrane properties otherwise typical
for much smaller membrane systems. In a homologous way also
vesicles with different diameters over three orders of magnitude can
be produced. Apart from multilamellar vesicles which are enveloped
by more than one phospholipid bilayer, unilamellar vesicles consist-
ing of a single bilayer are commonly used as lipid model system. The
smallest of those vesicles, so called SUV (small unilamellar vesicles),
consist only of several hundred lipid molecules and have diameters of
several nm. Because of their small size the ratio between the thickness
of the phospholipid bilayer and the vesicle diameter is large, leading
to high curvature stress. Thus these vesicles can be used to study the
effects of membrane distortions. The vesicles also have a high
propensity to aggregate to relieve membrane stress.
Approximately one order of magnitude larger (common dia-
meters: 100 nm–200 nm) are the so called LUV (large unilamellar
vesicles). So LUVmay resemble intracellular vesicles like lysosomes or
other trafﬁcking vesicles. Because of their larger size the membrane of
this type of vesicles ismuchmore stable and tightly sealed. Thismakes
the LUV an ideal tool to study e.g. disturbing effects of certain proteins
or lipids. In addition membrane organization or lipid ﬂip-ﬂop or
transporter activity of reconstituted membrane proteins can be
studied [41]. In general LUV are ideally suited for ﬂuorescence or
electron paramagnetic resonance spectroscopy studies.
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GUV (giant unilamellar vesicles) with diameters up to several tenths
of micrometers. Because of their size these vesicles can be easily
visualized by optical microscopy. So, shape changes induced by the
incorporation of phospholipids or their conversion can be directly
traced [42–44]. Also direct observation of membrane permeabiliza-
tion is possible [45]. GUV made from appropriate lipid mixtures show
the formation of laterally segregated domains. It is possible to
visualize these domains by ﬂuorescent compounds, with partition
coefﬁcients or physical properties like ﬂuorescence lifetime or general
polarization depending on the different domains [18,23,46–54].
1.3. Fluorescence lifetime imaging microscopy instrumentation and
techniques
In the following section, different methods used in ﬂuorescence
lifetime imaging microscopy (FLIM) and their implementation will be
presented. In contrast to steady state ﬂuorescence spectroscopy
where the ﬂuorophores are excited using a continuous wave light
source, for the characterization of the lifetime of the excited state
temporally modulated excitation has to be used. The transition of the
excited state of a ﬂuorophore to the ground state is a statistical
process and therefore the emission of ﬂuorescence photons follows an
exponential decay law. The stability of the excited state is primarily
governed by the nature of the electronic structure of the molecule and
the class of electronic transition. So, in principle the ﬂuorescence
lifetime of a ﬂuorophore is an intrinsic property, yet different factors
like temperature, to a varying degree the environment of the
ﬂuorophore or the possibility of a non-radiative transfer of energy
to an acceptor molecule have an inﬂuence on the stability of the
excited state and therefore may alter the decay rate. The ﬂuorescence
lifetime is thereby more sensitive to these inﬂuences than other
spectral parameters, like the steady state ﬂuorescence emission. The
lifetime of the excited state is thereby in the order of nanoseconds, so
that even very fast phenomena can be studied. However, the
measured ﬂuorescence lifetimes of membrane systems are often not
monoexponential, but follow higher order decay laws. Whether the
additional lifetime components are intrinsic and typical for a certain
ﬂuorophore or are due to the fact that the ﬂuorescent molecules are
embedded in different environments, differs from case to case and has
to be determined in control experiments.
In order to measure the lifetimes of the excited state—the inverse of
the decay rate—two different approaches can be used. As the technical
aspects of FLIM are not the scope of this review the basic techniqueswill
be only shortly introduced. In principle, allmethods described beloware
applicable for ﬂuorescence lifetime imaging of biomembranes and
modelmembranesystems, buthave all their advantages anddrawbacks.
So, the best suited approach regarding instrumentation and data
analysis strongly depends on the existing equipment and the demands
of the experiments. A detailed comparison of the different approaches
can be found in “FLIM Microscopy in Biology and Medicine” [55].
1.3.1. Time-domain techniques
Time-domain setups use the straightforward approach of exciting
the ﬂuorophores with an ultra short pulse from the light source and
direct measurement of the ﬂuorescence intensity after certain times
after the excitation pulse. From the recorded intensities the decay
curves can be reconstructed and the ﬂuorescence lifetimes can be
calculated by data ﬁtting. To recover the ﬂuorescence decays a time-
gated approach can be used in which the detectors detect the
ﬂuorescence intensity in distinct time bins with various delays from
the excitation pulse. In ﬂuorescence microscopy there is the tradeoff
between detection efﬁciency—thus sensitivity—and image resolution.
To detect all time bins during one excitation cycle requires
illuminating sections of the photosensitive area of a CCD-camera
(epiﬂuorescence) or multiple photomultipliers (LCSM) at differentdelay times. In the case of epiﬂuorescencemicroscopy this reduces the
available pixel numbers according to the registered numbers of time
channels. Therefore only a limited number of time gates can be
recorded that excludes the exact evaluation of multiexponential
decay curves which are typical for ﬂuorophores embedded in a
nonisotropic environment like phospholipid membranes. To circum-
vent this issue it would be possible to record the images with different
delays over more excitation cycles. This approach would require a
strong ﬂuorescence signal as the photon detection efﬁciency is quite
low, as only the photons in the respective time bin are detected.
Furthermore, photobleaching of ﬂuorophores can distort the ﬂuores-
cence decay curves, and has to be taken into account. Yet, using this
approach in combination with an imaging spectrograph it is possible
to record FLIM images which are also spectrally resolved [56].
A different approach to reconstruct the ﬂuorescence lifetime decay
curve is based on the detection of single photons in a point detector.
While the methods described above integrate ﬂuorescence intensity
for certain time gates and subsequently recover the ﬂuorescence
decay from the intensities detected for different delay times, time
correlated single photon counting (TCSPC) does not measure the
integrated ﬂuorescence intensity in a certain time gate, but records
the time passed between the excitation pulse and the emission of a
ﬂuorescence photon. For that, the pulse generator simultaneously
triggers the excitation source and transmits a synchronized electronic
signal to the detection unit. Based on the differential delay between
the detection of the ﬂuorescence photon and the synchronization
signal, the detected photons can be sorted into time bins from which
the ﬂuorescence decay can be put together.
As every recordedphoton—thedetection efﬁciency is only limitedby
the detector—contributes to the ﬂuorescence decay this approach is
very sensitive and therefore especially suited for samples which show
only aweakﬂuorescence signal. Amajor drawback of themethod is that
the maximum achievable photon count rate is quite low, as the
coincidence of twoﬂuorescence photons inonedetection cycle has to be
precluded. In combination with the high numbers of photons required
to achieve properly deﬁned ﬂuorescence decays, this leads to very long
acquisition times for a FLIM image. This issue is especially severe if the
sample shows a strong ﬂuorescence intensity contrast where most of
the ﬂuorescence signal originates from only a small region.
To identify regions which contain probes with similar lifetime
behavior, normally the ﬂuorescence lifetimes are calculated for each
pixel. Currently, novel methods to identify regions with identical
lifetime properties by themeans of evaluation of lifetime distributions
throughout FLIM images are being developed [57]. A prominent
example of these is the so called phasor approach, which has the
advantage of circumventing the issue of bad data statistics during
decay ﬁtting for single pixels [58–60].
1.3.2. Frequency domain techniques
A completely different approach is used for frequency-domain
lifetime imaging. These methods rely on the deﬁned modulation of the
excitation source in the form of a continuous sinusoidal shape or a
stream of delta pulses. Themeasurements are based on the fact that the
delayed emissionof theﬂuorescencephotonswill lead to aphase-shifted
and partially demodulated emission signal. The ﬂuorescence lifetime
emission therefore can be recovered from the recorded phase shift and
signal demodulation. In short, this is achieved by the modulation of the
detector sensitivity with the synchronization signal from the excitation
source and a varying frequency offset. The description of the different
methods used to evaluate frequency domain data is beyond the scope of
this review and can be found elsewhere [61–64].
2. Detecting lipid domains by FLIM
Lipid–lipid interactions which play a major role in phase behavior
and lateral lipid segregation have been studied and characterized for
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and EPR-spectroscopy, calorimetry and various ﬂuorescence based
approaches [49,53,65–70]. Most studies focus on quite simple binary
or ternary lipid mixtures, as the inﬂuence of the different components
can be directly elucidated from the experiments. While the experi-
ments clearly do not mimic the situation in biological membranes, as
these contain several hundred different types of lipids, not to mention
the high fraction of membrane area occupied by membrane proteins,
the lipid model system can give invaluable insights into the basic
mechanism governing the domain formation and lateral lipid
partition. The stark difference between such simple artiﬁcial model
systems and biological membranes becomes obvious in the formation
of phase-separated lipid domains on the large scale. While such
distinct lipid phases can be produced with ease even in giant plasma
membrane vesicles, which have the same lipid composition as the
plasma membrane they are derived from, they normally are not
present in the plasma membrane of cells. Only under very special
circumstances, like the activation of T-lymphocytes when the
immunological synapse is formed such domains can be observed
[19,71,72]. Nonetheless, many lines of evidence suggest that the lipids
in the plasma membrane are not randomly distributed but form
distinct clusters which are enriched in lipids which preferentially
interact with each other [7,73,74]. As these lipids differ in their
biophysical properties the formed clusters inherit these properties
which become detectable as they inﬂuence membrane probe
molecules. Using ﬂuorescence based techniques the elicited differ-
ences in the diffusion constant, the membrane order, the partition
coefﬁcient and last but not least ﬂuorescence lifetime can be
measured. The following sections will give some detailed examples
as to how FLIM can be employed to detect such lipid domains using
different approaches.
2.1. Factors inﬂuencing ﬂuorescence lifetimes
The stability of the excited state of a ﬂuorophore is governed by the
actual rates by which the energy can dissipate radiatively or non-
radiatively, causing the ﬂuorophore to return to the ground state.
These rates are primarily governed by the intrinsic electronic
properties of the ﬂuorophore. In addition, the stability of the excited
state is inﬂuenced by the environment surrounding the ﬂuorophore.
E.g. in the case of the presence of a suitable acceptor the energy can be
transferred by FRET generating an additional non-radiative decay
route and therefore causing a decrease in ﬂuorescence lifetime. Also
the properties of the environment can inﬂuence the persistency of the
excited state as interactions with surrounding molecules like dipolar
interactions or hydrogen bonding may inﬂuence the stability of
ground state and excited state of the ﬂuorophore. Also scalar
properties like viscosity or permittivity can change the rates of the
relaxation to the ground state and thereby change the ﬂuorescence
lifetime. Thus, the ﬂuorescence lifetime of a ﬂuorophore depends on
its environment and is therefore a valuable probe for its localization.
Hence, to assign ﬂuorescence lifetime changes to a speciﬁc cause
carefully controlled experiments are needed in which the properties
can be changed deliberately. Especially, the transfer of a ﬂuorophore
from an isotropic aqueous environment into the anisotropic interior of
a phospholipid bilayer is accompanied by a severe change of
environment. Accordingly, often major alterations of ﬂuorescence
quantum yield or ﬂuorescence lifetime are observed. For example, the
ﬂuorescence decay of many ﬂuorophores incorporated into a
phospholipid membrane cannot be ﬁtted with a monoexponential
decay function, despite the ﬂuorophore decaying with a single rate
constant in the isotropic aqueous medium and the assumption of a
single molecular species being valid. Also minor variations in the
environment, like lipid order or charge of lipids, give rise to detectable
alterations of the ﬂuorescence lifetime [53,54]. As different lipid
domains deviate in these properties, ﬂuorophores incorporated intophospholipid membranes can function as membrane probes relaying
their localization within a certain domain by their ﬂuorescence
lifetime (Fig. 1).
Thus, the presence and the properties of different lipid domains
can be characterized by a single ﬂuorescence probe. This approach has
the advantage of being independent of the partition of the ﬂuorescent
molecules in themembrane and therefore of the partition coefﬁcients,
which may depend on the actual composition and properties of the
phospholipid membrane. For intensity based approaches these
parameters have to be determined in control experiments, what is
especially laborious when no lateral lipid segregation on the µm-scale
is present. Of course, if the lipid probe is exclusively localized in only
one lipid domain, even the lifetime approach would fail to
characterize different lipid domains with one probe.
As a probe for lipid domains different classes of molecules are
suitable. Apart from various analogues of cholesterol or phospholipids
also several ﬂuorescent organic compounds embedded in the
phospholipid bilayer, but also fusion proteins with ﬂuorescent
proteins have been used in studies characterizing the lipid organiza-
tion of phospholipid membranes.
2.2. Membrane probes showing domain dependent ﬂuorescence lifetimes
2.2.1. Sterol analogues
As the sterol backbone is very hydrophobic, sterols in combination
with a ﬂuorescent moiety can be used as a membrane probe. Due to
high hydrophobicity such compounds are stably integrated into lipid
bilayers and are almost completely insoluble in aqueous media. While
this is desirable for model vesicle systems which are labeled with the
probe during vesicle preparation, the labeling of cells is often difﬁcult
and requires the presence of a solubilizer like methyl-ß-cyclodextrin
(MßCD) which forms soluble complexes with the membrane
compound, i.e. the sterol analogues. As MßCD has the propensity to
extract cholesterol from the plasma membrane of cells care has to
been taken as the properties and the organization of the plasma
membrane may be changed by the labeling procedure. Cholesterol is a
very compact and hydrophobic molecule which effectively packs with
surrounding lipids, yet this doesn't hold anymore for most of the
ﬂuorescent analogues as the bulky moieties of the ﬂuorophore have a
strong impact on the membrane partition of cholesterol. While for
cholesterol and the ﬂuorescent dehydroergosterol (DHE; see Fig. 2C)
enrichment in liquid ordered or raft domains, which show a high
grade of lipid order yet are ﬂuid, is typical, cholesterol analogues with
bulky ﬂuorescent groups show a preferential localization in more
disordered domains such as 25-NBD-cholesterol (Fig. 2A). An
exception to that rule of thumb is BODIPY-labeled cholesterol
(Fig. 2B), as the uncharged ﬂuorescent label at the alkyl chain seems
to incorporate quite well into the membrane interior [75]. For a
detailed description of the properties of these ﬂuorescent cholesterol
analogues see a review by Wüstner [76].
While DHE models the behavior of cholesterol in lipid membranes
well, it is unfortunately unsuited for FLIM experiments due to its poor
photostability and the short excitation wavelength, for which a pulsed
excitation source is not readily available. On the contrary, NBD-labeled
cholesterol variants do not mimic the natural behavior and partition of
cholesterol, but still can be used as membrane probes for different lipid
domains as NBD-labeled compounds show pronounced differences in
ﬂuorescence lifetime when localized in different domains. BODIPY-
labeled cholesterolwhich is tagged at the “acyl-tail” of themolecule (see
Fig. 2B) like unmodiﬁed cholesterol enriches in liquid ordered phases. In
a recent study this probe has been employed by Ariola et al. to
characterizemembrane ﬂuidity and lipid order in ternary GUV [75]. Yet,
the reported shift in the ﬂuorescence lifetime between liquid ordered
and liquid disordered domains in model GUV is very small. Thus, to
reliably distinguish between these domains, which already differ
strongly in their biophysical properties, the incorporation of 1,1′-
Fig. 1. Detection of lipid domains by FLIM. I: FLIM image containing laterally segregated lipid domains. Dependent on their localization selected regions of interest (ROIs) can consist
of a single domain type (A or B) or enclose different domain types (C). A might be a more tightly packed domain while B might be of lower lipid packing giving rise to a longer and a
shorter lifetime, respectively. II: domain speciﬁc lifetimes for different lipid domains, due to the different physicochemical properties of the environment surrounding themembrane
probe, are obtained by imaging pixel by pixel. Lifetimes for pixel can be plotted as a distribution plot (see III) or averaged for the whole ROI to obtain a typical decay curve for the
respective ROIs of the image. III: if data ﬁtting is not performed using the integrated photons of a ROI, but each pixel is ﬁtted independently, usually a distribution of lifetimes is
observed. The distribution of ﬂuorescence lifetimes in the pixels within the respective ROI can be displayed as a ﬂuorescence lifetime histogram. While the maximum usually closely
coincides with the overall ﬂuorescence decay time calculated for an ROI (see II), the width of the distribution yields information about heterogeneities within the ROI. However, care
has to been taken as also in a homogeneous environment a certain distribution of ﬂuorescence lifetimes is observed, due to the low photon count in each pixel and the consequential
by statistics of the ﬁt.
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acceptor is used to enhance the lifetime contrast. The preferential
enrichmentof diI-C12 in the liquid ordereddomain caused apronounced
decrease in ﬂuorescence lifetime of BODIPY-labeled cholesterol local-
ized in the liquid ordered domain due to FRET.
2.2.2. Phospholipid analogues
Being the major component of the plasma membrane of cells and
most model lipid systems, phospholipids are well suited as building
blocks for ﬂuorescent membrane probes. The lipids in contrast to
sterols have the advantage that the properties of the probe can be
adjusted by the variation of acyl chains, headgroup or position at
which the ﬂuorophore is linked. For example lipids which have two
long acyl chains and are labeled at the headgroup are quite
hydrophobic and therefore integrate well in phospholipid bilayer
causing only minor disturbances of lipid order. Depending on the
length and saturation grade of the acyl chains such lipid analogues
localize in different lipid domains. Lipid analogues in which one of the
long acyl chains is exchanged with a short one carrying a ﬂuorescent
moiety or is even replaced by the ﬂuorescent moiety, show a greater
disturbing effect on the bilayer and therefore enrich preferentially inthe liquid disordered phase. However, these short chain lipids, due to
their reduced hydrophobicity, are partially water soluble forming
micelles and therefore are ideally suited for labeling of membranes of
living cells or the outer leaﬂet of model vesicles.
Various ﬂuorescent moieties coupled to the lipid backbone as
ﬂuorophores have been used. E.g. BODIPY-labeled PC (Fig. 2F), which is
commercially available, can be used to discriminate between liquid
ﬂuid and gel phases. Side chain labeled BODIPY-PC incorporated in GUV
prepared from DOPC (liquid disordered phase) or DPPC (gel phase)
shows domain dependent average ﬂuorescence lifetimes of 5.2 ns and
3.8 ns, respectively [77]. Also headgroup labeled N-rhodamine-DOPE
(Fig. 2D) shows domain dependent lifetimes. This phospholipid
analogue has been used in an extensive study to characterize the
complexity of lipid domains and rafts in GUV [54]. In GUV with the
appropriate lipid mixtures speciﬁc ﬂuorescence lifetimes for liquid
disordered, liquid ordered and gel phases could be derived from the
FLIM images and the lifetime histograms accordingly. While for liquid
disordered and gel domains average lifetimes of about 2.7 ns were
typical, for liquid ordered domains slightly shorter lifetimes in the
range of 1.8 ns were reported. Also an alteration of membrane
properties like the ﬂuidity by addition of cholesterol could be followed
Fig. 2. Prominent probes for the detection of membrane domains by FLIM. The probes are sorted into classes according to the basic structure they are derived from (CHOL:
cholesterol; PL: phospholipids) A: 25-NBD-cholesterol (25-[N-[(7-nitro-2-1,3-benzoxadiazol-4-yl)methyl]amino]-27-norcholesterol); B: BODIPY-cholesterol (23-(4,4-diﬂuoro-
1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacen-8-yl)-24-norchol-5-en-3ß-ol); C: dehydroergosterol; D: rhodamine-DOPE (N-(lissamine rhodamine B sulfonyl)-1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine) E: C6-NBD-PC (1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphocholine) F: BODIPY-PC (2-(4,4-
diﬂuoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine); G: LcTMA-DPH (22-(diphenylhexatrienyl)-docosyl-trimethy-
lammonium iodide); H: di-4-ANEPPDHQ (1-[2-hydroxy-3-(N,N-di-methyl-N-hydroxyethyl)ammoniopropyl]-4-[β-[2-(di-n-butylamino)-6-napthyl] vinyl]pyridinium dibromide);
I: PMI-COOH (n-(2,6-diisopropylphenyl)-9-(4-carboxyphenyl)perylene-3,4-dicarboximide); and J: diI-C18 (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine).
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study for the ﬁrst time revealed a substructure in lipid domains which
can be observed by an optical microscope with different properties and
therefore different ﬂuorescence lifetimes.
Despite, the statistical sound dependence of the ﬂuorescence
lifetime of the embedding domain, BODIPY- and rhodamine-labeled
probes have the disadvantage of ﬂuorescence lifetimes being quite
short and therefore show only small changes even when the
properties of the surrounding environment changes signiﬁcantly,
e.g. from DPPC in the gel phase to DOPC in a ﬂuid domain. This makes
the application of these probes for the characterization of the lipid
organization and domain structure of plasma membranes quite
challenging, as in biological membranes wherein due to the complex
composition various lipid domains with slightly different propertiesshould coexist. Thus, we have used NBD-labeled lipid analogues
which show a much longer ﬂuorescence lifetime when incorporated
in phospholipid membranes for such experiments. In a ﬁrst approach
the ﬂuorescence lifetime behavior of C6-NBD-PC (Fig. 2E) in a model
GUV systemwith known phase behavior was characterized.We found
a large difference in the ﬂuorescence lifetime between liquid ordered
and disordered domains as we measured ﬂuorescence lifetimes of
about 12 ns and 7 ns, respectively (Fig. 3).
Due to this strong dependence of the ﬂuorescence lifetime on the
domain localization we could detect the coexistence of submicro-
scopic domains in GUV showing no lateral lipid segregation on the
µm-scale (POPC/PSM/Chol=4/2/4) by the domain speciﬁc lifetimes
(Fig. 4I), which is in nice agreement with a previous study based on
FRET measurements on LUV [53,78,79]. Not only the degree of lipid
Fig. 3. Fluorescence lifetimes of C6-NBD-PC in lipid domains of DOPC/SSM/Chol GUV. Top row: average lifetime (see scale) of C6-NBD-PC in GUV prepared from DOPC (I, pure liquid
disordered (ld) phase), DOPC/SSM/Chol=1/1/8 (II; pure liquid ordered (lo) phase) and DOPC/SSM/Chol=1/1/1 (III; ld and lo phase) at 25 °C. White bars correspond to 10 µm.
Bottom row: respective lifetime histograms. Histograms were normalized by setting the maximum to 1. For ld and lo domains typical ﬂuorescence lifetimes can be identiﬁed. For
experimental details refer to Stöckl, et al. [53].
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lipid phases—,but also the composition of the phospholipid bilayer
had an inﬂuence on the ﬂuorescence lifetimes. Negatively charged
lipids lead to shorter lifetimes in a concentration dependent fashion,
while cholesterol, which is known to increase lipid order, caused
longer ﬂuorescence lifetimes.
In a second set of experiments the lipid organization and the
structure of the plasma membrane of mammalian cells was studied.
To this end the cells were labeledwith C6-NBD-PC and the distribution
of ﬂuorescence lifetimes was studied. For plasma membrane and
intracellular membrane compartments different average lifetimes
were observed, reﬂecting the differences in membrane composition.
While the domain speciﬁc ﬂuorescence lifetimes gave rise to narrow
peaks in the lifetime histograms for the model GUV, in the case of the
plasma membrane of living cells a broad distribution was observed
suggesting the coexistence of various submicroscopic domains in the
plasma membrane (Fig. 4III). The single domains in this case would
differ only little in their properties so that the corresponding
ﬂuorescence lifetimes would overlap and result in a rather broad
distribution as observed. This was corroborated by lifetime measure-
ments on giant plasma membrane vesicles (GPMV) which, although
showing large scale lateral lipid segregation in a liquid disordered and
a liquid ordered phase, yielded a lifetime histogramwith a single peak
(maximum), as the differences between the speciﬁc ﬂuorescence
lifetimes for the respective domains were rather small (Fig. 4II). This
also suggests that the differences of physicochemical properties of
lipid domains in membranes with a natural lipid composition are less
pronounced. Due to the small differences in the ﬂuorescence lifetime
the detection of submicroscopic domains in cellular membranes using
this approach will be at least challenging.
However, changes in the lipid organization and structure of
cellular membranes can still be detected as these change the average
properties of the lipid bilayer and are therefore reﬂected in the
ﬂuorescence lifetime. E.g. we investigated the inﬂuence of cholesteroldepletion by MßCD, which is known to disrupt raft domains, in HeLa-
cells. Treated cells showed a slight reduction of ﬂuorescence lifetime,
as expected since the C6-NBD-PC probe is embedded in a more
disordered environment (Fig. 5A). Also membrane rearrangements
following the crosslinking of the CD3-receptor or sphingomyelinase
treatment of a Jurkat cell line were investigated. However, the
treatments which induce the formation of membrane domains with a
high lipid order, caused a decrease in the measured ﬂuorescence
lifetimes that is normally associated with a more disordered probe
environment (see Fig. 5B) [80].
Keeping in mind that C6-NBD-PC partitions more or less equal
between ld and lo domains in vesicles with a natural lipid composition
(Fig. 4II) but is mostly excluded from well ordered lipid domains, like
liquid ordered domains of GUV prepared from a ternary lipid mixture
(Fig. 3III), the induction of those types of domains in the plasma
membrane of cells leads to a redistribution of the probe into the
surrounding disordered environment that may cause the observed
decrease in ﬂuorescence lifetimes. This demonstrates that care is
necessary when discussing results based on the preferential distribu-
tion of membrane probes, as this often does not only depend on the
type of lipid domain but also on its properties and lipid composition
[48].
To conclude, NBD-labeled phospholipids are well suited for the
investigation of lipid organization and membrane structures, as they
show long ﬂuorescence lifetimes which depend strongly on the
surrounding lipid phase. In addition, the ﬂuorescence lifetime is, at
least in liquid disordered vesicles, mainly independent of the labeling
position of the lipid analogue. Therefore the actual probe properties
can be adjusted to ﬁt the experimental needs. Especially, the side
chain labeled lipid analogues are well suited for studies on the plasma
membrane of living cells, as these are readily soluble in aqueous
buffer. Yet, the photostability of the NBD-ﬂuorophore is quite low. In
combination with the low maximal count rate in TCSPC-approaches
due to the quite long ﬂuorescence lifetimes, leading to long
Fig. 4. Fluorescence lifetimes of C6-NBD-PC in phospholipid membranes. Top row: average lifetime (see scale) of C6-NBD-PC in different membranes at 25 °C. I: GUV prepared from
POPC/PSM/Chol=4/2/4, II: GPMV prepared from HeLa-cells. arrowhead: liquid ordered phase; arrow: liquid disordered phase III: HepG2-cells. White bars correspond to 10 µm.
Bottom row: respective lifetime histograms. Histograms were normalized by setting the maximum to 1. While for GUV (I) no domain coexistence can be seen in the image the
domain dependent lifetimes still show up in the lifetime histogram indicating the presence of submicroscopic domains. On the contrary, GPMV clearly showing lateral lipid
segregation only show one lifetime peak in the histogram. Similar ﬂuorescence intensities have been detected in each case. Pixel binning, and data acquisition times were the same
for all images. For experimental details refer to Stöckl, et al. [53].
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for long term measurements.
2.2.3. Hydrophobic non-lipid membrane probes
Apart frommolecules which are also part of biological membranes,
but have been linked to a ﬂuorophore, “artiﬁcial” ﬂuorescent
compounds which integrate into lipid bilayers have also been used
for ﬂuorescence lifetime imaging. Often probes used for membrane
polarizationmeasurements also show different ﬂuorescence lifetimes,
hence providing lifetime contrast in FLIM, as the ﬂuorophore is posed
to sense the degree of order of the surrounding lipid environment. E.g.
a derivative of Di-phenyl-hexatriene (DPH, Fig. 2G) has been used to
characterize lateral lipid segregation in GUV by a combination of
ﬂuorescence polarization and ﬂuorescence lifetime measurements
[81]. In agreement with the higher lipid order upon increasing the
fractions of cholesterol in DOPC/cholesterol mixtures the polarization
of the ﬂuorescence of themembrane probe increased, and accordingly
longer ﬂuorescence lifetimes were observed. A similar behavior was
observed for binary SM/cholesterol mixtures. In ternary DOPC/
sphingomyelin/cholesterol mixtures which showed the coexistence
of large liquid disordered and liquid ordered domains two separate
order parameters and ﬂuorescence lifetimes speciﬁc for the lipid
domains were detected. Again the higher degree of ordering in the
liquid ordered domains was reﬂected in these parameters. The
differences in the ﬂuorescence polarization and lifetime between
the binary mixtures without visible lipid domain formation and the
ternary mixtures for adequate cholesterol fractions showed that
phase separation does not imply complete demixing of SM and DOPC
in phase-separated vesicles.
Not only can the phase behavior in model vesicle systems be
studied using such membrane probes, but also the investigation of
lipid organization and structure of the plasma membrane of cells is
possible. Domain dependent lifetimes have been observed for anamphipathic perylene imide derivative which easily incorporates into
lipid bilayers (Fig. 2I) [23]. For liquid disordered and liquid ordered
domains lifetimes of 4.4 ns and 6.0 ns were recovered, respectively.
Also in a Jurkat cell model the changed membrane composition upon
cholesterol depletion by MßCD was reﬂected in a decrease of the
observed ﬂuorescence lifetimes. Membrane rearrangements due to
crosslinking of CD3-receptors by antibodies caused the formation of
membrane domains on the µm-scale which showed lifetime contrast
and can therefore be associated with lipid domains of different
compositions and properties. The used perylene imide probe is well
suited for ﬂuorescence lifetime imaging due to the relatively strong
dependence of the ﬂuorescence lifetimes of the properties of lipid
domains. In addition, the core of the ﬂuorophore can be easily
modiﬁed to create membrane probes with different spectral proper-
ties [82].
Another well characterized membrane probe to investigate lipid
domains is di-4-ANEPPDHQ (Fig. 2H), which was originally developed
to measure the transmembrane potential [83]. The different environ-
ments between liquid disordered and liquid ordered domains cause a
spectral shift of the ﬂuorescence emission of the ﬂuorophore, which
can be used to detect these lipid domains [84]. This spectral shift in the
emission is accompanied by differences in ﬂuorescence lifetimes, as
the average ﬂuorescence lifetime drops from about 3.5 ns in the liquid
ordered phase to about 1.9 ns in the liquid disordered phase [50].
While the imaging of di-4-ANEPPDHQ labeled HEK293 cells in two
spectral channels typical for di-4-ANEPPDHQ emission in liquid
disordered and liquid ordered domains did not show a spectral
difference between intracellular compartments and the plasma
membrane, a uniform distribution of the spectral components
throughout the plasma membrane was observed. However, ﬂuores-
cence lifetime imaging showed the coexistence of lipid domains with
different average lifetimes in the plasma membrane. The probe was
sensitive to the changes in the lipid organization of the plasma
Fig. 5. Fluorescence lifetime of C6-NBD-PC reﬂects lipid order in the plasma membrane. A: left: the average lifetime of C6-NBD-PC in the plasma membrane of HeLa-cells at 25 °C
before (I) and after (II) depletion of cholesterol by treatment of cells with MßCD is shown as pseudocolor image (see scale in I). White bars correspond to 10 µm. Right: lifetime
histograms before (solid line) and after (dashed line) depletion of cholesterol by treatment of cells with MßCD. B: left: the average lifetime of C6-NBD-PC in the plasmamembrane of
Jurkat-cells at 25 °C. I: control cells, II: 20 min OKT3; 10 min anti mouse IgG, III: 30 min sphingomyelinase. Regions in which C6-NBD-PC is highly enriched (arrows) were excluded
from analysis. The average lifetime is shown as pseudocolor (see scale). White bars correspond to 10 µm. Right: ﬂuorescence lifetime in the plasmamembrane of Jurkat-cells (treated
as indicated; OKT3 treated cells were additionally incubated for 10 minwith anti mouse IgG). Boxes indicate median and 25th and 75th percentile, while 10th and 90th percentile are
indicated by the whiskers. For each sample 23 cells were analyzed. Differences between control and treated cells are highly signiﬁcant (t-test; pb10−7 in each case). For
experimental details refer to Stöckl, et al. [53].
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different temperatures. Thereby, the raise of temperature and the
MßCD treatment—both are supposed to decrease lipid order—
triggered the appearance of short ﬂuorescence lifetimes in the
lifetime histogram. While at higher temperature the observed lipid
domains could still be detected, after MßCD treatment the ﬂuores-
cence lifetimes of di-4-ANEPPDHQ at the plasma membrane were
much more uniform, concordant with a disruption of raft domains. A
consistent dose dependent decrease in ﬂuorescence lifetime upon
treatment of COS cells with MßCD was reported in an independent
study [85].
Not only, membrane probes localized in the interior of the lipid
bilayer but also ﬂuorescent labels attached to a target of interest can
be used to investigate lipid organization. An approach using
ﬂuorescently labeled antibodies binding to the IgE-receptor of RBL-
mast cells has been applied to study the consequences of induced
crosslinking of the receptors [86,87]. Upon crosslinking, the receptors
were found to form patches at the plasma membrane which are also
enriched of the raft marker diI-C18. Both probes located in those
membrane patches showed an increase in their respective ﬂuores-
cence lifetime indicating a higher degree of lipid order in these
membrane domains. The ﬁndings were also corroborated by a
stronger anisotropy of ﬂuorescence emission originating from those
regions. In conclusion, it has become evident, that apart from
ﬂuorescent molecules adapted from lipids other ﬂuorescent com-
pounds which can integrate into a lipid bilayer, or link to membraneassociated molecules, can also be used as membrane probes to detect
lipid domains in model vesicles and living cells. While their properties
may deviate from those of the lipids, the ﬂuorophores often can be
tailored to match the experimental requirements like appropriate
spectral properties or high photostability.
2.2.4. Intrinsic ﬂuorescence probes
Instead of using an extrinsic probe which is sensitive to the lipid
organization in a phospholipid bilayer, the molecule being of interest
by other properties, e.g. channel activity, may also be employed as the
probe if it is intrinsically ﬂuorescent. This approach has the advantage
that the behavior and inﬂuence of the probe on the system under
investigation is not an issue. In a recent study the localization and
aggregation state of the antibiotic amphotericin B was investigated in
phospholipid monolayers, as these properties are strongly related to
the function and toxic side effects of the drug [88]. For the compound
a strong dependence of the ﬂuorescence lifetime on the aggregation
state has been reported. While the monomer shows very short
lifetimes shorter than 1 ns, the dimer shows much longer lifetimes of
3.5 ns and 14 ns. This huge lifetime difference provides strong lifetime
contrast in ﬂuorescence lifetime imaging, which allows a straightfor-
ward identiﬁcation of the aggregation state of amphotericin B
enriched in lipid domains in lipid monolayers. While for DPPC and
DPPC/cholesterol membranes mainly monomers were present in
such domains the substitution of cholesterol against ergosterol
triggered the formation of dimers.
Fig. 6. Application of FLIM–FRET to study lipid domains. A: in order to detect the
coexistence of submicroscopic lipid domains the preferential enrichment of the
membrane probes in one of the lipid domains is utilized. If the lipids are distributed
homogenously (I) due to the relatively large distance between the membrane probes
only a low FRET-efﬁciency is detected. In the case where different lipid domains coexist
(II), the preferential partition of the probes will lead to a higher local concentration and
a higher FRET-efﬁciency. B: to investigate the lipid domain dependent enrichment of
the target molecule a second membrane probe with a known preferential partition in
one of the lipid domains is utilized. If both probes enrich in different domains (or there
is no preferential partition) due to the relatively large distance only a low FRET-
efﬁciency is detected (I). In the case that both membrane probes effectively partition in
the same lipid domain (II), the higher local concentration will lead to a higher FRET-
efﬁciency.
1453M.T. Stöckl, A. Herrmann / Biochimica et Biophysica Acta 1798 (2010) 1444–14562.3. FLIM–FRET between differentially distributed membrane probes
2.3.1. Basic principles
As mentioned above, lipid domains which coexist in a phospho-
lipid membrane have different biophysical properties. Due to that
membrane probes—e.g. ﬂuorescently labeled phospholipids with
saturated and unsaturated acyl chains, respectively—mostly will
preferentially enrich in one domain or the other. As long as the lipid
domains are large enough to be resolved as different entities in optical
microscopy steady state ﬂuorescence microscopy directly allows the
identiﬁcation of the respective domains. The detection of very small
lipid domains on the scale of several nm is still possible by the means
of Förster Resonance Energy Transfer (FRET). Measuring the FRET-
efﬁciency by ﬂuorescence lifetime rather than ﬂuorescence intensity
has the advantage, that the lifetime measurements are not inﬂuenced
by slight changes in the probe concentration. Often this makes FRET-
experiments with biological samples much easier or is even a
prerequisite. The average FRET-efﬁciency (E) which depends on the
local concentration, the colocalization of the FRET partners respec-
tively, can be calculated from the ﬂuorescence lifetime of the FRET-
donor in the presence (τDA) and in the absence (τD) of the acceptor
according to the equation:
E = 1− τDA
τD
:
2.3.2. Lipid domain formation and phase behavior
In a ﬁrst type of experiment the presence of domains can be
deduced from a change in ﬂuorescence lifetime. In short, two probes
with adequate spectral properties are incorporated into the lipid
bilayer. Another prerequisite is that the probes should be preferen-
tially enriched in one of the formed lipid domains. Dependent on the
partition of the probes two different cases can be distinguished. If both
ﬂuorescent species are enriched in the same domain the formation of
laterally segregated lipid domains will cause a higher local concen-
tration of both ﬂuorophores in the vicinity of each other. Thus, on
average the higher FRET-efﬁciency will lead to a decrease in the
ﬂuorescence lifetime of the donor compared to the situation when the
lipids are homogenously distributed (Fig. 6A).
In contrast, if the ﬂuorescent membrane probes are enriched in
different lipid domains, the energy transfer is less effective than in the
homogenous state leaving the ﬂuorescence lifetime of the donor
almost unaffected. Apart from the fractions of the different domains
the FRET-efﬁciency among other things depends on domain size, and
the self-quenching properties of the probes. The evaluation is in most
setups even more complicated as probes located in the membrane
often show a multiexponential decay. Thus calculation of FRET-
efﬁciencies relies on the average lifetime of the donor. A review
dealing in detail with the application of FLIM–FRET to study lipid
domains and the phase behavior of phospholipid mixtures can be
found in [89].
2.3.3. Localization of membrane probes
Vice versa, measuring FRET-efﬁciency between two ﬂuorescent
membrane probes allows determining the partition of the probes
between the different membrane domains. This approach is especially
valuable for the study of biological samples—like the plasma
membrane of living cells—as in most cases lipid domains large
enough to be resolved by ﬂuorescence microscopy are not present.
Hence, a direct estimation of the partition by ﬂuorescence microscopy
is not possible. Still, a FRET-approach can be used to determine the
membrane partition of a ﬂuorescent membrane probe. For these
experiments the bilayer is labeled with two membrane probes—one
with a known preferential enrichment in a certain lipid environment
—which form an adequate FRET-pair (Fig. 6B).Again, the FRET-efﬁciency, measured by donor lifetime reduction,
gives clues about the partition of the probes in the plasma membrane
and the enrichment in certain domains. As the membrane probes can
be of various natures like simple phospholipids, short peptides or
even whole proteins and protein aggregates, this approach can be
applied to various questions. Also the use of ﬂuorescently labeled
antibodies directed to epitopes of different proteins is possible.
Especially valuable are fusion proteins which contain a ﬂuorescent
protein in combination with the target protein or a membrane
binding domain. This technique has been widely used to study the
interaction of various membrane proteins or their recruitment into
distinct lipid domains in living cells.
In order to determine the enrichment of a membrane protein in a
certain lipid domain, the domain speciﬁc partition of the membrane
probe which acts as FRET partner for the ﬂuorescently labeled
membrane protein under investigation, has to be known. Various
ﬂuorescent substances can be used as membrane probes, including
hydrophobic non-lipid membrane probes, phospholipid analogues or
ﬂuorescent proteins fused to a membrane binding anchor. The
domain dependent partition of multiple membrane probes has
already been characterized in model membrane systems, like GUV
or GPMV showing the coexistence of large lipid domains on the µm-
scale. In that case the preferential enrichment of the probes can be
directly deduced from the distribution of the respective ﬂuorescence
signal [48,90]. Care has to been taken though, as the preferential
enrichment of a probe in a certain domain is often strongly inﬂuenced
by the lipid composition and the actual properties of the phospholipid
membrane. This requires control experiments to corroborate the
localization of the used domain “reporter”.
Accordingly, in a recent study the dynamics of cortical actin and its
interactionwith the plasmamembrane has been investigated [91]. For
the experiments mouse melanoma cells were transfected to express
ﬂuorescent fusion proteins with actin or sequences which targeted
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To probe the membranes constructs which bind to PIP2 or PIP3 (PH
domains of PLCdelta or Akt, respectively) or are preferentially
enriched in membrane microdomains (H-Ras farnesylation
motive→ ld; neuromodulin/Gap-43 palmitoylation signal→ lo)
were used. The local enrichment of actin at speciﬁc membrane sites
can be deduced from a small, but signiﬁcant, decrease in donor
ﬂuorescence lifetime, which was observed for the PH-domain of Akt
and the palmitoylated ﬂuorescent protein suggesting an interaction of
actin at PIP3 rich membrane domains. In a similar approach using
ﬂuorescently labeled antibodies against the receptor for IgE (FcεRI)
Davey et al. have shown by measuring FRET-efﬁciencies between the
label of the antibody and the raft marker diI-C18 (Fig. 2J) that the
receptor is associated with cholesterol rich lipid domains [87].
In our lab we applied this approach to study the domain
dependent partition of inﬂuenza hemagglutinin transmembrane
domains in the plasma membrane of CHO-cells, as raft domains are
often associated with virus budding [92,93]. This cell line was chosen
as in a previous study the existence of cholesterol-sensitive
nanodomains in the plasma membrane and their dimensions have
been described [11]. For the experiments fusion proteins consisting of
transmembrane domains of inﬂuenza HA—including mutations
possibly affecting the association with raft domains—and YFP were
used [94]. The corresponding FRET partner consisted of a CFP fused
with a GPI-anchored peptide, an established marker for rafts in the
exoplasmic leaﬂet of the plasma membrane. The decrease of CFP
ﬂuorescence lifetime of the raft marker in the presence of the YFP-
labeled TMD showed that the transmembrane region of hemagglu-
tinin is sufﬁcient to direct the HA to raft like membrane domains.
These ﬁndings could be corroborated by cholesterol depletion, which
is known to disrupt membrane rafts, as the average FRET-efﬁciency
dropped after MßCD incubation. In addition it could be shown that HA
constructs were not recruited to raft domains when palmitoylation of
the transmembrane domain and the cytoplasmic tail was abolished.
Palmitoylation has been shown to be relevant for recruitment of
membrane proteins to rafts.
In a second type of experiment the proximity of different
membrane associated or transmembrane proteins in a certain domain
or their direct interaction can be studied by labeling the proteins with
donor and acceptor ﬂuorophores, respectively. E.g. the intracellular
partition and the speciﬁc interaction of t- and v-SNARE homologues in
proliferating hyphae of Trichoderma reesei have been studied using
FLIM [95]. The authors measured a complex formation with different
FRET-efﬁciencies, which are also directly evident from the FLIM
images, between the SNARES using the described technique. Their
data showed that the site of SNARE complex formation is spatially
segregated, which is a clear indication that at least two membrane
regions with different properties exist in which the proteins are
preferentially enriched.
In a similar fashion also the interaction and partition of different
plasma membrane intrinsic proteins in Zea mays was studied. Again
the interaction of different proteins and their preferential enrichment
in certain plasma domains has been found [96]. Likewise, a recent
study which investigated the interactions between presenelin1 and
different amyloid precursor protein variants showed a patterned
partition of regions with high concentrations of protein complexes,
again suggesting, that lipid domains should play an important role for
such interactions [97].
Accordingly, the approach described above can also be used for the
detection of protein dimerization if cells are transfected to produce
two different variants of the protein of interest with donor and
acceptor ﬂuorophore, respectively. In a recent study this approach has
been applied to characterize the extent of interaction between
serotonin receptors in different cell lines [98]. For different neuronal
cell lines very similar donor ﬂuorescence lifetimes were measured
suggesting that among other things the organization of the plasmamembrane should be comparable. Also the formation of signal peptide
peptidase (SPP) dimers at the plasma membrane of HEK-cells has
been studied in a similar fashion. Again the patterned partition of SPP
dimers suggests the presence of different lipid domains in the plasma
membrane of cells [99].
As these studies used FLIM to detect speciﬁc interactions between
membrane proteins, hints for the presence of lipid domains at the
plasmamembrane come from the patterned partition of these protein
complexes. A straightforward identiﬁcation of the characteristics of
the respective lipid domains is therefore not possible but could be
achieved by altering the membrane composition (e.g. cholesterol
extraction) and characterizing the changes in the distribution of the
protein complexes.
In summary, the application of FRET–FLIM can provide many
valuable insights into the lipid domain speciﬁc partition of membrane
proteins. However, in most cases the observed changes in the donor
ﬂuorescence lifetime, while statistically signiﬁcant, are quite small.
The main causes for that are the relatively large minimum distance of
the ﬂuorophores of the various ﬂuorescent proteins, limiting the
maximum achievable FRET-efﬁciency to about 0.5, that only a small
fraction of membrane proteins forms suitable dimers, and that apart
from donor–acceptor-pairs homodimers of donor and acceptors can
also be formed. In addition FRET-efﬁciency is further diminished if
donor and acceptor although in proximity of each other are inaptly
orientated towards each other. Also the inﬂuence of the environment
and interaction with cellular compounds cause ﬂuorescence lifetimes
to vary depending on the subcellular localization [91]. Thus, for the
interpretation of the results it is imperative to evaluate the measured
ﬂuorescence lifetimes carefully and compare to proper control
experiments. Nonetheless, changes in the average ﬂuorescence
lifetime give still important clues as to whether an interaction takes
places, what makes ﬂuorescence lifetime spectroscopy a valuable tool
for high throughput scanning [85]. While the FRET–FLIM approach
based on transmembrane or membrane anchored proteins fused to
ﬂuorescent proteins forming FRET-pairs can be easily established in
various cell lines, the detailed investigation of mechanisms leading to
a domain dependent enrichment in a model membrane systemwith a
deﬁned lipid composition is often hampered by the difﬁculties arising
from the reconstitution of membrane proteins into such artiﬁcial lipid
systems. Although, several protocols for protein reconstitution have
been described a general approach which yields satisfying results for
all membrane proteins is still out of reach [100–103].
3. Conclusion and outlook
The combination of ﬂuorescence lifetime spectroscopy and spatially
resolved ﬂuorescence microscopy has yielded valuable insights into
many aspects of membrane organization, properties and dynamics.
FLIM can be used to investigate a wide range of questions, as the
approach is very ﬂexible regarding probe and sample requirements. As
the ﬂuorescence lifetime measurements are independent of the
ﬂuorescence intensities, in cases where ﬂuorescence intensities cannot
anymore be distinguished or are correlated with the signal of interest,
FLIM offers a straightforward approach towards such issues. For
example, submicroscopic domains or lipid rearrangements in the
plasma membrane of cells which cannot be detected by steady state
ﬂuorescencemicroscopy are accessible by FLIM. Also the determination
of FRET-efﬁciencies of ﬂuorescent protein pairs in transfected mamma-
lian cells is facilitated by FLIM–FRET measurements since, due to the
varying expression levels of different cell dishes, a comparable “donor
only”, “donor–acceptor” relationship is hard to establish. In addition
ﬂuorescence lifetime is a sensitive parameter which is strongly
inﬂuenced by the environment surrounding the ﬂuorophore. Thus,
some of the biophysical parameters of the membrane domain in which
theprobe is embedded canoftenbedirectly deducted fromtheobserved
ﬂuorescence lifetime behavior. Due to the very fast dynamics of the
1455M.T. Stöckl, A. Herrmann / Biochimica et Biophysica Acta 1798 (2010) 1444–1456ﬂuorescence process being on the ns-scale, the very small size of the
lipid domains and their supposed transient nature should not be
limiting for FLIM-approaches [53].
While these advantages make FLIM an ideal tool to study
organization of lipid domains in model systems and biological
membranes, due to technical aspects there are also some limitations
to the technique. The most severe is that, despite the very high
sensitivity, data acquisition during FLIM imaging is quite slow. Thus,
sharp images of structures moving with dynamics faster than several
seconds (e.g. diffusion of whole lipid domains) cannot be achieved, as
the long measurement times needed for image acquisition lead to
blurry images. In general, always a tradeoff of spatial against temporal
resolution has to be made. In addition, if ﬂuorescence lifetimes are
determined from single pixels, the statistical signiﬁcance is relatively
low due to the overall short dwell times per pixel. While in cuvette
experiments often the different lifetime components of a multi-
exponential ﬂuorescence decay can be assigned to meaningful
parameters of an appropriate model, this may not be possible for
FLIM data, with the exception of specimen showing large regions with
homogeneous properties which can be binned. Thus, the average
ﬂuorescence lifetime measured in one or more pixels is often used to
describe the biophysical parameters for the corresponding fraction of
the phospholipid bilayer.
In summary, although the underlying processes for the single
ﬂuorescence lifetime components are often not accessible, the
ﬂuorescence lifetime information can yet be successfully employed
to study the formation of lipid domains and protein complexes in such
domains. Especially, the investigation of the complex lipid organiza-
tion of the plasma membrane can yield valuable insights into the
structure and function of the lipid domains associated with many
cellular functions.Acknowledgements
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